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Abstract
We present the results of a Suzaku study of the Arches cluster in the Galactic center region. A
high signal-to-noise ratio spectrum in the 3–12 keV band was obtained with the XIS (X-ray Imaging
Spectrometer) onboard the Suzaku Observatory. We found that the spectrum consists of a thermal plasma,
a hard power-law tail, and two Gaussian line components. The plasma component with a temperature of
∼2.2 keV is established from the presence of CaXIX and FeXXV Kα lines as well as the absence of FeXXVI
Kα line. The two Gaussian lines represent the Kα and Kβ lines from iron at lower ionization stages at ∼6.4
and ∼7.1 keV. Both the line centers and the intensity ratio of these two lines are consistent with the neutral
iron. The hard power-law tail with a photon index of ∼0.7 was found to have no pronounced iron K edge
feature. In comparison with the published Chandra spectra constructed separately for point-like and diffuse
emission, we conclude that the thermal component is from the ensemble of point-like sources plus thermal
diffuse emission concentrated at the cluster center, while the Gaussian and the hard tail components are
from the non-thermal diffuse emission extended in a larger scale. In the band-limited images of the XIS
field, the distribution of the 7.5–10.0 keV emission resembles that of the 6.4 keV emission, including the
local excess at the Arches cluster. This strongly suggests that the power-law emission is related to the 6.4
and 7.1 keV lines in the underlying physics. We discuss two ideas to explain both the hard continuum
and the lines: (1) X-ray photoionization that produces fluorescence lines and the Thomson scattering
continuum and (2) non-thermal electron impact ionization of iron atoms and bremsstrahlung continuum.
But whichever scenario is adopted, the photon or particle flux from the Arches cluster is too low to account
for the observed line and continuum intensity.
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1. Introduction
The central ∼200 pc of the center of our Galaxy is par-
ticularly rich in curious spatial and spectral features. One
of the features distinctively seen in the Galactic center
region is the diffuse iron Kα line emission at ∼6.4 keV
(Koyama et al. 1996). The line originates from neutral or
low-ionized iron (hereafter quoted as Fe I), but its ionizing
mechanism is not yet understood. Two major ideas have
been developed. One is fluorescence from photo-ionized
iron (Sunyaev et al. 1993; Koyama et al. 1996; Revnivtsev
et al. 2004). The X-ray spectrum from the Sagittarius
B2 cloud, which is characterized by the strong ∼6.4 keV
emission line and the ∼7.1 keV iron K edge, is best ac-
countable by this model (Koyama et al. 1996; Murakami
et al. 2000). Another idea is that iron is ionized by accel-
erated electrons (Yusef-Zadeh et al. 2002b; Predehl et al.
2003; Wang et al. 2006).
The distribution of the diffuse 6.4 keV emission is highly
asymmetric around the Galactic center with a bias in the
north-east direction (Koyama et al. 1996; Koyama et al.
2006b) and appears filamentary (Park et al. 2004). Of
particular interest is the 6.4 keV emission associated with
the Arches cluster, which is one of the richest and the
most densely packed massive star clusters in our Galaxy.
The cluster has a total mass of ∼104 M⊙, a com-
pact size with a diameter of ∼15′′ (∼0.6 pc at an as-
sumed distance of 8.5 kpc), a stellar mass density of
∼3×105 M⊙ pc
−3, and an estimated age of 2–4.5 Myr
(Nagata et al. 1995; Cotera et al. 1996; Serabyn et al.
1998; Figer et al. 1999; Blum et al. 2001; Yang et al.
2002; Stolte et al. 2002; Figer et al. 2002; Figer 2005).
It contains ∼5% of all the known Wolf-Rayet stars in
our Galaxy (Figer 2005), which are characterized by a
large mass loss rate reaching ∼10−4 M⊙ yr
−1 (Lang et
al. 2001; Lang et al. 2005). The level of high mass
star-forming activity of the Arches cluster, which can
be measured by the number of O stars, is comparable
only to NGC 3603 (Moffat 1983), W49A (Conti & Blum
2002; Alves & Homeier 2003), and Westerlund 1 (Clark
et al. 2005) in our Galaxy and R136 at the center of 30
Doradus (Campbell et al. 1992) in the Large Magellanic
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Yusef-Zadeh et al. (2002a) first reported the detection of
two point sources in addition to diffuse emission from this
region using the Chandra X-ray Observatory (Weisskopf
et al. 2002). The extended X-ray emission is elongated
beyond the cluster boundary with a size of ∼60′′×90′′
and its spectrum can be fit with a thermal model with
a temperature of ∼5.7 keV in addition to a ∼6.4 keV
line (Yusef-Zadeh et al. 2002a). Based on these claims,
the hard diffuse emission is considered an example of the
cluster wind plasma, which is a collection of interacting
stellar winds from massive stars in a cluster (Canto´ et al.
2000; Raga et al. 2001; Silich et al. 2004; Rockefeller et
al. 2005). However, the poor spectrum of the extended
emission does not allow a conclusion to be drawn about
a thermal origin. Law & Yusef-Zadeh (2004) cautioned
that the continuum emission can also be fit by a power-
law, and can thus be explained by non-thermal emission.
Recent results based on a longer exposure Chandra ob-
servation by Wang et al. (2006) indicated that the cluster
wind is only seen at the cluster center, and the majority
of the diffuse emission is composed of a strong 6.4 keV
line and a power-law continuum emission of non-thermal
origin.
In order to understand the nature of the X-ray emis-
sion in the Arches cluster and the diffuse 6.4 keV emission
ubiquitous in, but exclusive to, the Galactic center region,
hard-band X-ray spectroscopy with high signal-to-noise
ratio (S/N) is obviously a key. The bandpass includes
both thermal (FeXXV Kα and FeXXVI Kα at ∼6.7 and
∼7.0 keV) and fluorescent (Fe I Kα and Kβ at ∼6.40 and
∼7.05 keV) features as well as the iron K absorption edge
feature at ∼7.11 keV. The underlying power-law contin-
uum, if it ever exists, is visible at energies >
∼
8 keV, where
the thermal contribution plays a minor role. Moreover,
the hard X-rays penetrate through the large attenuation
of AV∼30 mag common toward the Galactic center region
(Morris & Serabyn 1996).
Here, we present the results of a spectroscopic study of
the hard emission in the Arches cluster using the Suzaku
Observatory. The XIS (X-ray Imaging Spectrometer;
Koyama et al. 2006a) onboard Suzaku (Mitsuda et al.
2006) provides high S/N spectra in the hard-band aided
by the excellent spectroscopic performance of the CCDs
and the large effective area of the X-ray optics. To compli-
ment the moderate spatial resolution of Suzaku, we refer
to the recent Chandra results by Wang et al. (2006) and
results obtained by our own reduction of the same dataset.
2. Observations and Data Reduction
Two observations of the Galactic center region were
conducted using Suzaku during the performance verifica-
tion phase on 2006 September 23 and 30. Suzaku ob-
servations provide simultaneous XIS and HXD (Hard X-
ray Detector; Takahashi et al. 2006; Kokubun et al. 2006)
data. We concentrate on the XIS data with a combined
integration time of ∼95 ks. The XIS field is centered at
(R.A., Decl.)= (17h46m03s, −28◦55′32′′) in the equinox
J2000.0. The off-axis angle of the Arches cluster is ∼6.′6.
The XIS is equipped with four X-ray CCDs. Three of
them (XIS0, 2, and 3) are front-illuminated (FI) CCDs
and the remaining one (XIS1) is a back-illuminated (BI)
CCD that is superior in the soft band responses. They are
mounted at the focus of four independent X-ray telescopes
(XRT; Serlemitsos et al. 2006). The detectors are sensitive
in the energy range of 0.2–12.0 keV with an initial energy
resolution of ∼130 eV in the full width half maximum1 at
5.9 keV (R ∼ 45) and a total effective area of ∼590 cm2
at 8 keV. An XIS field of view covers a ∼18′×18′ region
with a half power diameter (HPD) of ∼1.′9. The HPD
is almost independent of the off-axis angle within ∼10%
(Shibata et al. 2001).
Data were taken by the XIS normal mode and screened
to remove events during the South Atlantic Anomaly pas-
sages and earth elevation angles below 5 degrees. There
are standard radioactive sources of 55Fe installed in two
corners of each of the four CCDs. These calibration
sources were used to determine the absolute gain. In ad-
dition, we can utilize the observed intense emission lines
from the hot gas filling the Galactic center region (Koyama
et al. 2006b). Assuming that the center energy of Fe and
S Kα lines in the diffuse spectrum is spatially uniform,
we corrected for the charge transfer inefficiency and fine-
tuned the energy gain across the chips. These calibration
processes were performed using the same dataset with the
presented analysis. Resultantly, the systematic energy un-
certainty of XIS is as low as ∼ +3/−6 eV at 6 keV. The
details of the calibration of the Galactic center datasets
are described in Koyama et al. (2006b).
3. Analysis
3.1. Image
Figure 1 shows the band-limited XIS images in the
(a) 6.25–6.55, (b) 6.55–6.85, and (c) 7.5–10.0 keV bands.
The former two bands contain Kα emission lines from
iron at low and high ionization stages, respectively. The
7.5–10.0 keV image complements the one below 8.0 keV
by Chandra; the effective area at 8 keV of Suzaku XIS
is larger than that of Chandra ACIS (Advanced CCD
Imaging Spectrometer; Garmire et al. 2003) by more than
ten-fold. A significant excess is seen at the position of
the Arches cluster in all bands, which is elevated from the
diffuse emission at the north east of the Galactic center.
Due to the limited spatial capability of Suzaku XIS, it is
difficult to discriminate point sources from the underlying
diffuse emission in the Arches cluster.
The 7.5–10.0 keV image (Fig. 1c) morphologically re-
sembles the 6.4 keV image (Fig. 1a) more than the 6.7 keV
image (Fig. 1b). In particular, both the 7.5–10.0 keV and
the 6.4 keV images have a local excess centered at the
radio arc bubble located at about (l, b)=(0.13◦, –0.11◦).
The correlation between the 6.4 keV emission and the ra-
1 The spectral resolution keeps degrading in the orbit. We in-
cluded a degradation of ∼30 eV (1 σ) for the presented analy-
sis, which was measured from the same dataset (Koyama et al.
2006b).
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Fig. 1. Band-limited smoothed X-ray images by XIS: (a)
6.25–6.55, (b) 6.55–6.85, and (c) 7.5–10.0 keV ranges. The
data from the four CCDs are merged. Solid and dotted cir-
cles show the source and background accumulation regions,
respectively. The four corners of the images are masked out
to remove signals from calibration sources.
Fig. 2. XIS spectrum of the Arches cluster composed of
point-like and diffuse emission. Grouped and background–
subtracted data with uncertainties are plotted in the upper
panel. The best-fit model convolved with the mirror and de-
tector responses are shown by the broken (each component)
and solid (total) lines. The lower panel shows the residuals of
the fit.
dio arc bubble was found by Rodr´ıguez-Ferna´ndez et al.
(2001). Also, the 6.7 keV image has the dominating peak
at the Saggitarius A East, while the 6.4 keV and 7.5–
10.0 keV images have extended emission across the field
with a similar surface brightness.
3.2. Spectrum
Figure 2 shows the background-subtracted XIS spec-
trum of the Arches cluster constructed from the three FI
chip data. The source spectrum was extracted from a cir-
cle around the local intensity peak of a smoothed XIS im-
age (solid circle in Fig. 1), while the background was accu-
mulated from a position devoid of intense diffuse emission
and at a similar off-axis angle (dashed circle in Fig. 1).
We tried several different positions for the background
subtraction and found that the spectrum above ∼3 keV
is insensitive to the background positions. The spectrum
below ∼3 keV is contaminated by the inhomogeneous dif-
fuse emission typical to the Galactic center region, hence
is not used hereafter. A radius of 1.′6, which is the ∼80%
encircled energy radius of a point source, is used for the
background extraction circle. A smaller radius of 1.′4 is
used for the source circle to maximize the S/N.
The spectrum is characterized by a complex of iron lines
in the 6.0–8.0 keV band over a hard continuum. The
three most conspicuous lines are attributable to the Kα
line from highly ionized iron (FeXXV) at ∼6.7 keV, and
Kα and Kβ lines from neutral or low-ionized iron (Fe I) at
∼6.4 and ∼7.1 keV, respectively. The existence of FeXXV
Kα in addition to CaXIX Kα (∼3.9 keV) and NiXXVII
Kα + FeXXV Kβ (7.8–7.9 keV) lines indicates a thermal
plasma with a temperature of a few keV, while Fe I K lines
and a hard continuum up to ∼12 keV suggest additional
components.
We first fitted the spectrum with photo-electrically ab-
sorbed thin-thermal plasma (APEC; Smith et al. 2001)
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model to determine the plasma temperature (kBT ) and
the amount of interstellar extinction (NH). The abun-
dance relative to solar was derived separately for elements
with prominent emission lines. Two Gaussian components
were added to the model to account for the lines at ∼6.4
and ∼7.1 keV. Their line center (E1 and E2) and photon
flux (N1 and N2) were also determined by the fit. The
widths of the lines were consistent with zero.
The resultant best-fit model was marginally acceptable
with the null hypothesis probability of the χ2 value (Pχ2)
of 0.01. A significant residual above ∼7 keV obviously
requires an additional component. We added a power-
law component to reach an acceptable fit. An additional
thermal component also yielded an acceptable fit, but the
best-fit temperature of >20 keV is unphysical. We there-
fore continued with the power-law component.
The final fit result (Pχ2 =0.28) is summarized in Table 1.
Here, we fixed the abundance to be solar for all the el-
ements upon the confirmation that the best-fit value is
consistent with solar. Also, E2 and N2 are tied to E1 and
N1 respectively, as the best-fit values are consistent with
the ones expected for the neutral iron Kα and Kβ lines.
By separating the Fe I Kβ line at ∼7.05 keV, the FeXXVI
Kα line at ∼6.97 keV and the Fe K edge at ∼7.11 keV
are found to be absent. The absence of the FeXXVI line
as well as the existence of the FeXXV line contributes for
a tight constraint of the plasma temperature. The NH
is common for all the components. The X-ray flux and
luminosity (FX and LX) in the 3.0–10.0 keV band were
calculated separately for the thermal and the power-law
components. The LX value is corrected for the absorption
with the distance to the source assumed to be 8.5 kpc.
4. Discussion
4.1. Origin of Three Spectral Components
We identified three spectral components (thermal,
power-law, and two Gaussian lines) in the XIS spectrum.
Wang et al. (2006) conducted spatially-resolved Chandra
spectroscopy of the Arches cluster in the 2–8 keV band
and revealed a more detailed spatial structure upon the
results by Yusef-Zadeh et al. (2002a); Law & Yusef-Zadeh
(2004). The Arches X-rays consist of three spatial compo-
nents: (1) point-like sources with a thermal spectrum, (2)
diffuse emission with a thermal spectrum in a ∼30′′ scale,
and (3) diffuse emission with a ∼6.4 keV line over a power-
law continuum in a more extended scale (∼60′′×90′′ by
Yusef-Zadeh et al. 2002a). The former two thermal com-
ponents are concentrated at the cluster center, in which
three brightest point sources dominates the total emis-
sion. The last non-thermal component extends toward
the southeast direction of the cluster. We consider that
the thermal component in the XIS spectrum is from the
ensemble of point sources plus the thermal diffuse emis-
sion at the cluster center, while the ∼6.4 keV and the
accompanying ∼7.1 keV lines as well as the power-law
continuum are from the larger diffuse emission.
In order to compare directly the best-fit spectral model
parameters between the ACIS and XIS spectra, we re-
duced the Chandra ACIS data and obtained the best-
fit parameters for the composite of the three brightest
point sources and the extended emission. The param-
eters from XIS and ACIS spectral analysis agree with
each other with overlapping 90% confidence ranges. For
the thermal component, the XIS spectrum has a tem-
perature of 2.2 (1.6–3.8) keV and the APEC normaliza-
tion of 3.2 (1.2–7.8) × 10−3 s−1 cm−2 keV−1, while the
ACIS spectrum has 2.0 (1.9–4.4) keV and 2.5 (1.8–3.0) ×
10−3 s−1 cm−2 keV−1. For the power-law component, the
photon index in the XIS spectrum is 0.72 (0.0–1.4), while
that in the ACIS diffuse spectrum is 1.2 (0.80–1.8). For
the Gaussian lines, the photon flux of the ∼6.4 keV line
is 2.1 (1.8–2.5) ×10−5 s−1 cm−2 in XIS and 2.3 (2.0–2.9)
×10−5 s−1 cm−2 in ACIS. The equivalent width of the line
against the power-law component is ∼1.42 keV in XIS and
∼1.25 keV in ACIS, indicating that the power-law flux as
well as the line flux is consistent between the two.
4.2. Diffuse Medium
The high S/N spectra obtained with the XIS give a
stringent constraint on the center energy of the ∼6.4 keV
line, which is an increasing function of the ionization stage
of iron. The fluorescent line energy is also affected by
whether and how the atom is bound in molecules, but the
resultant shifts are negligible of∼1 eV (Paerels 1998). The
best-fit value is consistent with the Kα line from neutral
iron (6.40 keV). This is in agreement with the general
understanding that most of iron in the ISM is in the form
of dust (Sofia et al. 1994). However, slightly low ionization
stages are also allowed up to about fourteenth (FeXV;
House 1969), including the systematic uncertainty of the
XIS energy gain of ∼ +3/−6 eV.
4.3. Cause of Line and Power-law Emission
From the XIS spectrum (Fig. 2), we found that the
power-law component extends up to ∼12 keV and domi-
nates the spectrum above ∼8 keV. From the band-limited
XIS images (Fig. 1), we noticed a similarity in the spatial
distribution between the 7.5–10.0 keV and the 6.4 keV
emission. This indicates that the power-law emission is
related to the 6.4 keV line in the underlying physical pro-
cess. Therefore, the power-law component and the Fe I
lines need to be explained simultaneously. The equivalent
width of the lines and the normalization of the power-
law comprise two major observational tests to discrimi-
nate ideas on the origin of the emission. We examine two
mechanisms (photoelectric ionization and electron impact
ionization) and derive the conditions for the primary ion-
izing beam. In the former, the Thomson scattering con-
tinuum and the fluorescence are respectively responsible
for the power-law and the line emission. In the latter, non-
thermal electron bremsstrahlung and the K shell vacancy
filling after the electron ionization are considered.
4.3.1. Photoelectric Ionization
We first note that the lack of a prominent absorption
edge feature at ∼7.11 keV alone does not constitute ev-
idence against photoionization (Revnivtsev et al. 2004).
This is expected when the reflecting matter is optically-
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Table 1. XIS Spectroscopy.
Components Par. Units Values∗
Extinction NH cm
−2 14 (9.1–19) ×1022
Thermal kBT keV 2.2 (1.6–3.8)
FX
† erg s−1 cm−2 5.2 (2.0–13) × 10−13
LX
† erg s−1 8.8 (3.4–21) × 1033
Power-law Γ 0.72 (0.0–1.4)
FX
† erg s−1 cm−2 7.3 (1.6–28) × 10−13
LX
† erg s−1 9.3 (2.0–36) × 1033
Gaussian E1 keV 6.41 (6.40–6.42)
N1 s
−1 cm−2 2.1 (1.8–2.5) ×10−5
E2 keV 7.07 = 1.103 ×E1
N2 s
−1 cm−2 2.4 × 10−6 = 0.113×N1
∗ Uncertainties in the paralentheses indicate the 90% confidence range.
† Values in the 3.0–10.0 keV band.
thin to the primary radiation. In fact, the optically-thin
approximation is justified by the Chandra result on the
Arches cluster, wherein the power-law emission suffers an
extinction accountable only by the ISM extinction to the
Galactic center region (∼6×1022 cm−2; Wang et al. 2006).
We assume that the observed continuum emission does
not include the direct X-rays. If it does, the equiva-
lent width of the iron Kα fluorescent line is expected to
be <
∼
180 eV (Reynolds & Nowak 2003; Tsujimoto et al.
2005) for the solar abundance, which contradicts the ob-
served value. The equivalent width of the fluorescent line
against the Thomson scattering continuum is expressed
as a function of the ratio between the photoelectric and
Thomson scattering cross sections, the ratio of the target
(electron and iron atom) densities, and the geometry; the
Thomson scattering is angle-dependent while the fluores-
cence is spherically symmetric (Liedahl 1998). Assuming
that the incident X-ray spectrum is I(E), the electron
and iron densities of the reflecting medium are uniform
(ne and nFe, respectively), the photoelectric absorption
cross section by iron is σFeP (E), the differential Thomson
scattering cross section is (dσT/dΩ)(θ) where θ is the an-
gle between the incident and scattered X-rays, the Kα
fluorescence yield is YKα, and the K edge energy is χ, the
equivalent width of the Kα line is given by
EWKα = YKα
(
nFe
ne
)(
4pi
dσT
dΩ
(θ)
)−1
×
(∫∞
χ
dEI(E)σFeP (E)
I(E = 6.4 keV)
)
. (1)
By substituting YKα ∼0.34 (Kortright 2001), nFe/ne ∼
nFe/nH ∼ 3× 10
−5 (Da¨ppen 2000) where nH is the hy-
drogen density, dσT/dΩ(θ) ∼ 4.0× 10
−26(1 + cos2 θ) cm2,
I(E) ∝ E−Γ, and σFeP (E) = 2× 10
−20(E/7.1 keV)−3 cm2
(Gullikson 2001), we obtain
EWKα ∼ 3
(
1
Γ+2
)(
6.4
7.1
)Γ(
1
1+ cos2 θ
)
keV. (2)
We can determine both EWKα and Γ observationally,
resulting in θ ≈ 50 degrees using the best-fit values.
In practice, though, higher accuracy in the parame-
ter determination is required for a meaningful geometri-
cal constraint. The observed EWKα is easily explained
by the photoionization interpretation. For the ampli-
tude of continuum emission, the incident flux of I(E) ∼
3× 107(ne/10
2 cm−3)−1 s−1 cm−2 keV−1 is required at
10 keV. Here, the diffuse medium is assumed to have a
spherical shape of a 3 pc diameter. The estimate of the
electron density is from Rodr´ıguez-Ferna´ndez et al. (2001).
To summarize, the photoionization interpretation re-
quires the following conditions: (1) the primary source is
an external source, (2) the incident spectrum has a power
of Γ∼ 1 and (3) a photon flux of ∼ 107 s−1 cm−2 keV−1
at 10 keV, (4) the direct emission is optically thin to the
reflecting medium (i.e., nH < 2× 10
5 cm−2), and (5) the
reflecting geometry should satisfy the constraint on θ.
No source is found for the primary source in the vicin-
ity at present. The point sources in the Arches cluster
can be excluded. This is simply because the continuum
emission by the Thomson scattering cannot exceed the il-
luminating thermal emission above the iron K edge energy,
which is contrary to the XIS spectrum showing stronger
non-thermal emission than thermal emission at the band
(Fig. 2). Wang et al. (2006) also discussed that Arches
point sources are too dim for the fluorescent lines.
4.3.2. Electron Ionization
Another favored interpretation for the cause of the
∼6.4 keV line is the vacancy filling after the iron K shell
ionization by low energy electrons with an energy of 10–
100 keV. This was proposed to explain the Galactic ridge
diffuse X-ray emission (Valinia et al. 2000), in which they
claimed that the low energy electrons with a density of
∼0.2 eV cm−3 and the power-law spectrum of an index
of ∼0.3 contribute significantly to both the observed line
and continuum emission. Yusef-Zadeh et al. (2002b) and
Wang et al. (2006) employed this model to account for
the ∼6.4 keV line observed in G0.13–0.13 and the Arches
cluster in the Galactic center region, respectively.
The calculation of expected line and continuum inten-
sity of this process requires numerical treatments because
of the complex dependence of the cross sections on the
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electron and X-ray energy. A detailed computation is
given in Tatischeff (2002). Two important things have
to be considered. First, the electron beam is stopped
at the surface of the hydrogen column. The stopping
range for 10 and 100 keV electrons is ∼7×1019mH and
∼4×1021mH g cm
−2 where mH is the hydrogen mass
(Tatischeff 2002). Second, the energy conversion rate from
the electron beam to the X-ray bremsstrahlung is quite
small with an order of ∼10−5.
With these kept in mind, we can compare the expected
and observed values. The equivalent width of the iron Kα
line against the Bremsstrahlung continuum is expected to
be ∼290 eV (Tatischeff 2002), which is smaller than the
observed value. An iron abundance of 4–5 times larger
than the solar value needs to be introduced to reconcile
the discrepancy, though no such indication is present for
the Arches cluster. From the spectral fit of the XIS spec-
trum, we found that a solar abundance for iron accounts
for the observed FeXXV Kα line intensity over the contin-
uum. Wang et al. (2006) suggested that the iron abun-
dance is ∼2 from the X-ray spectral fits of point sources in
the cluster. Najarro et al. (2004) conducted near-infrared
spectroscopy of the photospheric emission of Wolf-Rayet
stars in the Arches cluster and found that the abundance
is consistent with solar.
For the level of continuum emission, we can consult
Figure 7 in Tatischeff (2002), which illustrates the X-ray
production rate by the low energy electron impact. The
injected electrons are assumed to have a total energy rate
of 1 erg s−1 in an energy range of 10–100 keV and the
power-law number density with an index of 2. At 10 keV,
a continuum photon production rate of ∼8×10 s−1 keV−1
is expected. We observed ∼1.1×10−5 s−1 cm−2 keV−1 at
10 keV in the XIS spectrum, which can be converted to
∼9.5×1040 s−1 keV−1 at a distance of 8.5 kpc. Therefore,
an electron injection rate of ∼1×1039 erg s−1 is required.
Assuming that the diffuse medium is “optically-thick” to
the electron beam, we can derive the required flux of the
injected electrons to be ∼ 2×101 erg s−1 cm−2 regardless
of the target density. Integrating over the entire mass of
the medium (Yusef-Zadeh et al. 2002b; Wang et al. 2006)
may lead to a significant overestimation.
To summarize, the electron ionization interpretation re-
quires the following conditions: (1) the electron beam has
an incident flux of ∼ 2× 101 erg s−1 cm−2 and (2) an in-
dex of ∼2 for the injected power-law number density, and
(3) 4-5 times larger abundance than solar for iron in the
diffuse medium.
We do not have a list of electron accelerators with an
estimated energy injection rate in the Galactic center re-
gion and further studies must be undertaken to elucidate
the primary source. However, we can at least claim that
the accelerated electrons by wind-wind collisions in the
Arches cluster (Wang et al. 2006) are unlikely the case.
This is simply because the total kinetic energy rate via
stellar winds is smaller by an order than the required elec-
tron energy injection rate. Here the total energy rate is
calculated from an assumed wind velocity of ∼1000 km −1
and a mass loss rate of ∼10−4 M⊙ yr
−1 estimated by the
free-free emission intensity at the centimeter continuum
(Lang et al. 2005).
Protons accelerated via wind-wind collisions to have an
MeV energy may cause both the bremsstrahlung and the
iron line emission in a similar manner as electrons with
several tens of keV. However, because the bremsstrahlung
conversion rate for protons is as inefficient as that of elec-
trons (Uchiyama et al. 2002), the protons ionization will
encounter the same energy budget deficit.
Finally, heavy ions with an MeV amu−1 energy are
also capable of producing the continuum emission by in-
verse bremsstrahlung and the iron line emission by K shell
ionization. In this case, however, the resultant lines are
broader and bluer than the case of proton or electron ion-
ization by ∼50 eV (e.g., Burch et al. 1971), which dis-
agrees with the iron Kα line center determined from the
XIS spectrum. Therefore, the ionization by heavy ions can
be excluded regardless of whether they are accelerated by
wind-wind collisions in the Arches cluster or somewhere
else in the Galactic center region.
5. Summary
We conducted a spectroscopy study of the hard X-ray
emission in the Arches cluster using the Suzaku XIS data
during the performance verification phase. We obtained
a high signal-to-noise spectrum in the 3.0–12 keV range,
which consists of a thermal (kBT∼ 2.2 keV), a power-law
(Γ ∼ 0.7), and two Gaussian line (E ∼6.4 and ∼7.1 keV)
components. The thermal emission is from an ensemble
of point sources plus compact thermal diffuse emission
at the center of the Arches cluster, while the power-law
and the Gaussian components are from the more extended
diffuse medium associated with the cluster. The ∼6.4 and
∼7.1 keV emission lines are considered to be Kα and Kβ
lines from neutral iron.
From the band-limited images, we found a similarity
in the spatial distribution between the 6.4 keV and 7.5–
10.0 keV emission across the XIS field, including the local
excess at the Arches cluster. This strongly suggests that
the power-law emission is related to the 6.4 and 7.1 keV
line emission in its origin.
Two ideas are examined to account for both the con-
tinuum and line emission; the photoelectric ionization in
which the Thomson scattering and the fluorescence are
respectively responsible for the continuum and the line
emission, and the electron impact ionization in which the
bremsstrahlung and the K shell vacancy filling are respec-
tively for the continuum and the lines. Whichever the
case, the Arches cluster is unlikely the primary source.
We have shown that the combined measurements of
both the line and the continuum emission give a tight
constraint on the primary source. There are dozens of
∼6.4 keV clumps in the Galactic center region, and the
present results in the Arches cluster illustrate that Suzaku
XIS spectroscopy is a powerful tool for characterizing the
Kα and Kβ lines as well as the underlying power-law emis-
sion. Another report of a ∼6.4 keV emitter can be found
in this volume (Koyama et al. 2006c). All these new pieces
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of evidence on both types of emission should eventually be
combined to reach a unified picture of this curious phe-
nomenon.
The authors express gratitude to the diligent work by
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by Richard L. Kelly. M.T. acknowledges the hospitality at
the Department of Physics, Kyoto University during the
course of this work. M.T. and Y.H. are financially sup-
ported by the Japan Society for the Promotion of Science.
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